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Optical microscopy is the oldest form of microscopy that has been visually aiding
scientific research. In our research, I have reported here two such optical microscopy techniques
for two different projects. In the first project, we re-developed an instrumentation of a costeffective, high-performing, single-molecular localization super-resolution microscopy setup that
breaks the diffraction limitation barrier. Then we use a stochastic image capturing technique to
capture the best precision image positions of gold nanoparticles. In our second project, we apply
confocal microscopy technique to image DNA molecular nanoscale structural alterations of
chromatin in cell nuclei of gut tissues caused by total body irradiation (TBI). We then quantify
these alterations using a light localization technique called inverse participation ratio (IPR) using
the confocal micrographs of the sample. Our results show radiation causes reduction and
saturation of DNA spatial mass density fluctuations that were observed for different durations of
post-irradiation.
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CHAPTER I
INTRODUCTION
In this research work, we report the work related to microscopy development and
applications for the detection and characterization of nano to submicron particles. In this
introductory chapter, we will address the background and application of these microscopes
developments.
1.1

Super-resolution Microscopy Introduction
The optical microscope since its invention has allowed demystifying the microscopic

world of micro and nano particles. Much advancement in enhancing the quality of images take
by optical microscopy has taken so far. However, optical resolution is yet constrained by several
factors such as positional and structural defects in lenses. Optical systems are thus physically
limited to a certain resolution that is decided by the utilized instruments and caused by the
diffraction of light property. This limitation is known as diffraction-limit or diffraction-barrier
and translates to the inability of optical instruments to differentiate between two objects placed
approximately within a distance less than half of the wavelength of the probing light source [1].
Going past this resolution limitation of light microscopy imposed by the diffraction has
been a long study area. Several recent optical microscopic techniques have seen some success in
regard to reaching or crossing the diffraction barrier and providing much better spatial resolution.
These techniques, in addition to increasing the resolution, offer reduces out-of-focused
fluorescence background. This allows generating images that are “diffraction-unlimited” using
1

the physical properties of fluorescent probes. Their properties permit the separate identification
of two emissions coming from two adjacent molecules situated within a diffraction-limited
distance away from each other. Fluorescence microscopy has been proven to be very effective
for capturing molecular level nanostructures in biological cells, by controlling the fluorescence
excitement [1,2].
Observing particles beyond micro-level (e.g. nanoparticles) with bare eyes is impossible.
Conventional microscopy is also not able to detect particles that are of less than ~200 nm level
due to the diffraction-limitation of the optical instruments. This limitation greatly affects
experiments related to observing the molecular structure of biological cells since it requires
nano-structure study at the cellular level. Super-resolution microscopy is a type of optical
microscopy that allows the resolution images to be higher than that is enforced by the
diffraction-limit. As a result, by using super-resolution microscopy, it is possible to observe
particles up to 100 nm level [3].
Single-molecule localization microscopy (SMLM) is a localized microscopy that can
achieve super-resolution by isolating light emitters. It is highly useful for performing singlemolecule analysis at both nano and micro levels. This technique deals with three-dimensional
(3D) super-resolution microscopy to capture the subject images. Here, numerical aperture (NA)
(measure for angular light acceptance or emission of an optical system) plays an important role
in producing the high-quality images for the nano-level particles. For single-molecule
localization microscopy, an objective lens with higher numerical aperture results in the reduction
of the aberration between the lens and the glass slide and capture the high-intensity clear image
[4]. Also, immersion oil (refractive index=1.5) are also used if needed to prevent the refraction of
light [5].
2

Conventional microscopy, because of diffraction-limit constraint, produces blurry images
beyond the diffraction-barrier. A stochastic technique is used in single-molecule localization
super-resolution microscopy to get the best precision. This stochastic technique breaks the
diffraction limit and helps the visualization of nano-level particles. In the actual experiment, a
few numbers of photons are allowed to pass through the nano-level particles, and as a result, a
few molecules become activated in a fluorescent state for a certain life time. After that, the
fluorescence intensity of activated molecules die down according to the half-life time, and
another set of molecules are activated in the fluorescent state again. This process continues
randomly as a part of the stochastic technique, using continuous shooting of limited numbers of
photons to the sample. This process eventually manages to detect emission from all the
molecules that eventually leads us to a high-resolution image of each targeted molecules. In the
field of bio photonics and biomedical research, this is very useful, especially when we want to
observe nano structural changes within biological cells [6–8]. Fluorescence microscopy is not
proven to be much useful in ultra-structural imaging generally if the resolution limit is set by the
diffraction of light. The stochastic technique is particularly useful here to break this diffraction
limit [9,10]. In fluorescence microscopy, fluorescent activated molecules can be seen and
distinguished individually. In particular, by using fluorophore (e.g. Alexa-64 fluorophores) for
excitation and light wavelength emission technique, it is possible to observe cellular molecules at
the nano level [11–13].
However, the actual setup for SMLM is highly costly, and a completed setup is only
available in a few designated laboratories around the world. A cost-optimized and highperforming setup to perform SMLM can potentially be used at a routine laboratory and serve
greatly for bio photonics research. Recently, Ma et al. have proposed a cost-effective substitute
3

of the original SMLM setup where the state-of-the-art standard equipment (e.g., laser, cameras,
objectives, etc.) are replaced with low-cost alternatives, which significantly reduces the cost of
the setup yet produces the almost same output [2].
In our project, we have demonstrated the set-up of the simple, cost-effective superresolution localization microscopy [2], and used a stochastic technique for the best precision in
single-molecule localization. We have used gold nanoparticles that were used as subject matter
and captured high-resolution images of gold nanoparticles using super-resolution microscopy. A
software package named Thunderstorm was used to perform post-processing of experimental
images in order to detect and analyses the single localization particles [14,15]. The output
provided us the high-intensity peak of nanoparticles, and the Gaussian pattern was observed for
the high-resolution image particles.
1.2

Confocal Microscopy Introduction
It is now reported that abnormalities in a cell are associated with the structural alterations

of the basic building blocks of a cell at the nanoscale, such as DNA, RNA, protein, etc. The
structural changes can happen at the molecular specific spatial mass density changes to total
mass density changes in a cell. The structural alternations at the nanoscale level in cells provide a
plethora of information that can help us to predict the physiological state of cells. The structural
changes in cells/tissues can be quantified using light localization techniques via confocal
imaging at the nano to submicron scales level [16,17]. Most often, the prominent structural
changes happen in the cell in the DNA/chromatin, which is highly susceptible to damage in the
abnormalities. These structural abnormalities in cells could be due to diseases, radiation exposure
from sources such as ultraviolet light, mutagenic chemicals, heavy reactive processes, and
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ionizing radiation (IR) [18,19]. In this work, we study the abnormalities in gut cells due to
exposure to TBI.
Structural alternation detection in cells at the nanoscale can be utilized to obtain a range
of cellular information. One of the various reasons for the occurrence of structural alteration in
cells is irradiation. When irradiation is used to the diseased tissues for treatment, normal tissues
are also affected. Here, we report a quantitative analysis of the DNA molecular mass density
spatial structural changes in gut cell nuclei due to the exposer of total body irradiation (TBI). It is
now known that the gut is an organ that gets damaged heavily in irradiation. We study the DNA
molecular structural changes in cell nuclei due to TBI by quantifying the DNA molecular
specific light localization properties. The DNA molecular mass density fluctuations are probed
by using a mesoscopic physics-based spectroscopic technique, the inverse participation ratio
(IPR), on DAPI stained DNA molecular (i.e., chromatin) mass density via confocal imaging. The
nanoscale fluctuation properties of cell nuclei in gut tissues are then statistically analyzed using
this specialized IPR technique [20]. The IPR value of confocal images of gamma irradiation
affected nuclei of cells from mice gut tissues are calculated, which we found to be directly
proportional to the degree of structural disorder strength. Our result shows that irradiation effects
vary with the post-irradiation duration time and have adverse effects on the DNA molecular
spatial structural arrangement. In particular, the radiation suppresses the DNA mass density
fluctuations, and eventually, it gets saturated to a lower value with the increase of the postirradiation time.

5

CHAPTER II
SUPER-RESOLUTION BACKGROUND STUDY AND METHODOLOGY
2.1
2.1.1

Background Study
Numerical Aperture (NA)
Numerical Aperture plays an important role in Single molecular localization microscopy.

By adjusting the value of numerical Aperture, we can produce images with high resolution while
performing Single molecular localization microscopy. Figure 2.1 shows the variation of the
Numerical Aperture is in terms of image quality.

Figure 2.1

Relation of Numerical Aperture (NA) and light cone angle 
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Figure 2.1 shows that the value of the numerical aperture (NA) depends on the light cone
angle. This angle is measured as one-half of the angular aperture of the cone placed between the
objective lens and the glass slide. The numerical aperture is represented as, NA= n sinα, where,
(n = refractive index, α = one-half of angular aperture). A higher α value means it has a higher
NA.
When α is low, the distance between the glass cover slit and the objective lens becomes
larger and results in a low NA value. This causes a high refraction scenario, and the bending
angle of light does not pass through the objective lens to capture the clear images. On the other
hand, if a larger value of NA is used (higher a), more light is incident on the objective lens and
results in brighter images. As the angular aperture is large in this case and the distance between
the slit and objective lens is also smaller. Immersion oil is used between the cover slit and
objective lens that causes less refraction and produces super-resolution images by passing most
of the light information through the objective lens [4,5,21]. The large value of the numerical
aperture also reduces aberration. For this, a high numerical aperture (NA) is used in superresolution microscopy imaging techniques to get clear and good quality images.
In our super-resolution microscopy setup, we have used an objective lens with a high
numerical aperture (NA= 1.3), where the α value was calculated at 60.07°. We have put
immersion oil (n=1.5) between the objective lens and the glass slide. Immersion oil has the same
refractive index as glass i.e., 1.5 and reduces the aberration and aids to capture high-resolution
images from the field of view (FOV).

7

2.1.2

Diffraction Limit of Resolution
The quality of images captured by any microscopy depends on the optical parameter of

the system. The resolution of the output image is limited by diffraction. This diffraction limit
decides at what granularity level we will be able to detect individual particles in the image.

Figure 2.2

Limits of Resolution: The Rayleigh Criterion

(a) The peak intensity of two particles is undistinguishable (unresolved), (b) The Rayleigh
Criterion; Rayleigh Limiting case of resolution for two particles (almost resolved) (c) Two
distinguishable particles (resolved); (Picture reference Hecht, Eugene. Optics)

The resolution performance of an optical system instrument is theoretically limited by
the diffraction limit. The relation between the resolution of an optical microscope and diffraction
of light was stated in the 19th century. It was explained by demonstrating a diffraction-limit
scenario where the distance between two particles of an airy disk was compared (Figure 2.2). If
two particles are very closely situated, then their peak intensity in the airy disk is
8

indistinguishable. They seem to appear as a single particle. This prevents us from measuring the
distance between these particles from their airy pattern. In addition, the resulting image seems to
be blurry instead of sharp. When two particles are a certain distance apart, we are able to see
them individually. The resolving power at the minimum distance where two particles can be
individually identified is called Rayleigh Limiting case of resolution for two particles. In this
phenomenon, we can distinguish two particles by using conventional microscopy. Here the
power of resolution is resolved, and two particles are very clearly distinguishable. We can then
identify the corresponding diffraction limit of resolution by observing the distance d between the
two identical particles [22–25].

𝑑 = 0.61𝜆/𝑁𝐴

(2.1)

where λ = wavelength, NA = Numerical aperture

𝑁𝐴 = µ𝑠𝑖𝑛 𝜃

(2.2)

In equation (2.1), d denotes the minimum separation distance between two particles. The
value of the distance is appropriate if we have higher NA. If we have better resolving power we
can get better resolution of the image. In equation (2.2) µ = denotes the refractive index of the
medium (1.00 for air, 1.33 for pure water, and typically 1.52 for immersion oil), θ = is the
maximal half-angle of the cone of light.
Conventional microscopy is capable of detecting particles within the diffraction limit.
However, they do not function well beyond the limit. Super-resolution experimental fluorescence
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microscopy allows us to clearly detect particles individually by using a single molecular
localization method, and it is capable of detecting particles at the nano level where no diffraction
limit exists [2,6,26].
2.1.3

Use of Fluorescence Microscopy for Super-resolution
In fluorescence microscopy, when excitation light is incident on some sample particles, it

illuminates all the sample molecules (Figure 2.3). This light has a specific wavelength that
causes the fluorescent molecules to get excited and gain high energy. When fluorophore absorbs
the elementary particles of light i.e., photons, the excited electrons move from the lower energy
level to the higher energy level. The wavelength of light that causes this excitation state is called
excitation wavelength. The lifetime of a molecular fluorescent is ~10E-15 seconds. After that,
the electrons come to a vibrational state or relaxation state, where the energy level does not
change anymore. Within this relaxation state, we don’t observe any emission of light. The
duration of this relaxation state is from 10E-14 to 10E-11 seconds). After that, fluorophore
releases energy and emits the light causing the electrons to come back to their ground state again.
In this particular time, the fluorescent molecules become visible, and their emitted light has a
much longer wavelength. After this, the lifetime of the fluorescent molecules also decay down
and is noted to be between 10E-9 to 10E-7 seconds [12,27].
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Figure 2.3

Fluorescence technique

Step 1: Electrons absorb photons of light and moves from lower energy state (ground state) to
higher energy state (excited state). Step 2: Relaxation state, no emission of light. Step 3:
Electrons return to their ground state with the emission of light (Picture reference Herman, Brian,
et al)

Fluorophores are used to tag particular parts within the sample. Different fluorophores
target different molecules of the same sample. The fluorophore can have different types
depending on the color they emit. For example, green fluorophores it has green emission, blue
fluorophores (blue emission DAPI), Texas red (red emission), etc. Every type of fluorophore also
has a different level of excitation and wavelength range at the peak emission. The difference
between the two peak wavelengths of the emitted light is called the stokes shift [28].
In fluorescence microscopy, the excitation light is first reflected by the dichroic mirror
and then passes through the objective lens and onto the sample. When some photons from the
excitation light excite some molecules, they move to the higher energy state from the ground
state and emit longer wavelength light with low energy. When they come back down to their
ground state, some portion of the emitted light passes through the objective lens and transmits
11

across the dichroic mirror. Only emission light with longer wavelengths eventually passes
through the emission filter.
Finally, the camera only captures the partial image of the sample that emits the
fluorescent light. The filter cube is used to reduce the noise, thus giving us more precise images.
Capturing molecular images using fluorophore microscopy is a significant part of performing
super-resolution microscopy. The excitation wavelength has to range from 600nm to 663nm in
order to excite the molecules. The molecules absorb this light and then re-emit lights with longer
wavelengths, typically ranging from 663nm to 740nm for red laser light [29].
2.2
2.2.1

Methodology
Stochastic Technique
We have used a stochastic technique for processing our images in Single Molecule

Localization Microscopy (SMLM). New possibilities to detect the single-molecule detection
were obtained by using this technique. This technique is mainly performed by randomly
switching the single-molecule fluorescence signal. This allows us to stochastically activate single
molecules at different times. In single-molecule localization imaging, this is done randomly for
each molecule within the diffraction-limit region. After that, all the individually taken images
with different fluorophore positions are merged to reconstruct the final image.
If too many photons are emitted per switch cycle for any microscopic technique, it
creates difficulties in resolving the diffraction limit. Therefore, if the emission of the
fluorescence from the sample particles is too many simultaneously, then the resulting output
image will be too blurry to identify the individual features, i.e., molecules. However, we can
control the fluorescence emission so that in each cycle, not too many photons are emitted
(possibly only one emission at a time). Then we can get images of a single molecule and
12

precisely localize it as well. This unique idea of generating super-resolution imaging through a
stochastic method is called stochastic optical reconstruction microscopy (STORM) technique.
Here, the number of photons that pass through the objective lenses in each cycle is limited by
using an engineered rotating diffuser. Consequently, fewer photons hit the molecules, and some
activated blinking molecules are observed [10,30–32].

Figure 2.4

SMLM imaging technique

Stochastic technique for Super resolution microscopy imaging where limited blinking molecules
are observed per image frame and the super resolution image is formed by merging all the
frames.

In the Stochastic optical technique of high-resolution microscopy, image is constructed
from high accuracy localization of fluorescent molecules. In this technique, fluorescent
molecules are activated in the fluorescent state. Here, some portion of molecules blinks when
photons hit the fluorescent molecules in the field of view. After a particular time, the blinking
particle will be deactivated because of the decay of the fluorescent molecular lifetime. Other
particles that were not activated will also be arbitrarily hit by some photons in the same way and
13

remain activated for a certain period. Only a few numbers of photons are emitted per switch
cycle; therefore, each of the active fluorophores is optically resolvable from the rest. As a result,
we are able to see the positions of the fluorophores with high accuracy, and the fluorescence
images are also not overlapped (Figure 2.4). This random process continues for multiple cycles,
and we can observe different subsets of fluorophores getting turned on and off. The positions of
each fluorophore demonstrate a Gaussian fit, and the overall image is reconstructed using all the
fluorophores' positions. In biological imaging, this technique plays a very vital role in
determining high-resolution images. Usually, a red laser (635nm) beam is used to activate the
Alexa 647 fluorophore and to see the position of each molecule [33,34].
The optical microscope, which has a low spatial resolution, shows significant limitations
to observe the biological ultrastructure. Biological ultrastructure is too small to observe with bare
eyes. Subcellular structures’ length scales span a range from micrometer to nanometer, whereas
the conventional microscope is limited by diffraction to a resolution of 200nm. Therefore,
beyond this diffraction limit, the resultant images are blurred, and sample particles are difficult to
resolve. Here, we have applied a stochastic optical technique that breaks the diffraction barrier
and gives high precision localization of individual fluorophore molecules and identifies nanolevel particles. By using this stochastic method for super-resolution microscopy, 8,000 frames
were captured. In each frame, we observed the blinking particles, and the final super-resolution
image was post-processed and reconstructed by the ThunderSTORM software to clearly identify
each particle's positions. The ThunderSTORM is an open-sourced comprehensive plug-in for
ImageJ (National Institute of Health) software. It is widely used for PALM (Photo-activated
localization microscopy) and STORM (stochastic optical reconstruction microscopy) data
analysis and resolution imaging [9,14,29,33,35,36].
14

2.2.2

Optical Parameters for Constructing Super-resolution Microscopy
A near-to-complete list of equipment from different companies is listed in table 2.1.

These components were purchased and used to construct our super-resolution microscopy setup.
To construct super-resolution microscopy, our list of optical components include Laser, ND
filter, Three Lenses, DC motor, Engineered diffuser, Lens Mount, Optical Post, Post Holder,
Sample holder, XY translation stage, Objective lens, Z focusing stage, Filter Cube, Dichroic
mirror, Emission filter, Spacer, Tube lens, Thread adapter, Camera, etc. Some of the major
configurations performed in the setup include calibrating the laser light, placing lens with
objective, creating a rotating diffuser, setting up CMOS camera to take pictures, performing
experimental calibration using 3mm bead particles, etc.
Table 2.1

The details of the major components that were used to build up single-molecule
localization microscopy.

LASER

Wavelength: 638±3nm, Maximal power:
1W, Output stability: 5%, Beam size: 7mm

ND Filter

Rectangular Step ND Filter, 10 mm wide,
OD: 0.3 - 2.0

Lens1

Focal length f=100 mm, Ø1" Achromatic
Doublet, SM1-Threaded Mount, ARC: 400700nm
6V 250mA Brushed DC Motor, No-load
speed: 11,000 rpm

DC motor
Engineered diffuser
Lens2
Lens3

Round 1 inch, Divergence angle: 5.48º
Rotating Diffuser connected with the DC
motor shaft
Focal length f=100 mm, Ø1" Achromatic
Doublet, SM1-Threaded Mount, ARC: 400700nm
Focal length f=200 mm, Ø1" Achromatic
Doublet, SM1-Threaded Mount, ARC: 400700nm
15

Table 2.1 (continued)
Lens Mount

Lens Mount with Retaining Ring for Ø1"
Optics, 8-32 Tap

Optical Post

Ø1/2" Optical Post, SS, 8-32 Setscrew, 1/4"20 Tap, L = 6"

Post Holder

Ø1/2" Post Holder, Spring-Loaded HexLocking Thumbscrew, L = 4"

XY translation stage

X-Y Travel Distances: 75 x 56mm, Active
Area: 37.6mm in diameter

Objective lens

100X (Oil) Infinity-corrected Plan Fluor
Objective Lens, NA = 1.3, tube length: 160
mm
SM1 Zoom Housing for Ø1" Optics, NonRotating, 4.1 mm Travel

Z focusing stage
Filter Cube

Kinematic Fluorescence Filter Cube, 30 mm
Cage Compatible, 1/4"-20 Tapped Holes

Dichroic mirror

660 nm edge Bright Line single-edge
dichroic beam splitter

Emission filter

Emission filter is synchronized with Alexa
647 fluorophore. The excitation wavelength
is 600nm to 663nm and emission
wavelength 663nm to 740nm.
M1 Lens Tube Spacer, 1" Long

Spacer
Tube lens
Thread adapter

Focal length f=100 mm, Ø1" Achromatic
Doublet, SM1-Threaded Mount, ARC: 400700nm
Adapter with External C-Mount Threads
and Internal SM1 Threads

Camera

Sony IMX265 sensor, 3.2 MP, pixel size
3.45 μm, resolution 2048 X 1536, 71% QE

Optical Post

Ø1/2" Optical Post, SS, 8-32 Setscrew, 1/4"20 Tap, L = 8"
16

Table 2.1 (continued)
Microscope base

Aluminum Breadboard 8" x 8" x 1/2", 1/4"20 Taps

Vibration isolating feet

Ø27.0 mm Sorbothane Feet, Internal 1/4"-20
Mounting Thread

2.2.3

Calibration
The non-homogeneous light source cannot distribute light in equal amounts everywhere.

Due to this property, when we project a non-homogeneous light source on a surface, we observe
an appearance pattern with blurry focus (Figure 2.5a). To solve this issue, we have created an
engineered diffuser (Figure 2.5b) to be used while capturing the bright field image. This
engineered diffuser constantly rotates and generates a homogeneous light illumination pattern. It
distributes the light intensity equally all over the place on the field of view. This results in sharp
images with high-resolution images. A CMOS (Complementary Metal Oxide Semiconductor)
camera is then used to take photos of the generated patterns.

17

Figure 2.5

Light Illumination pattern

(a) Shows the non-homogeneous light pattern before using the engineered rotating diffuser and
figure (b) shows homogeneous light illumination pattern after using the engineered rotating
diffuser.

Figure 2.6

Calibration by 3m bead

For the calibration in our experiment, we have used a red laser with 638nm wavelength
and output power of 0.024W. The illumination power density of this laser is considered to be
18

0.060w/cm2. The beam diameter size is calibrated to 7mm. To reduce the aberration
phenomenon in our experiment, we have kept a very small distance 2mm between the objective
lens and the glass slide. This small distance allows the particles to be clearly detectable on the
camera screen. The image frames were then captured by the CMOS camera at 25fps rate. As
shown in (figure 2.6), the image frame size is 139 px by 150 px and single pixel size is 51 nm.
Our calibration was done by bead with the size of 3 m where each bead is represented by 59
pixels.
2.2.4

Super-Resolution Microscopy Setup Description of SMLM
We have performed our single molecular localization microscopy setup and experimented

with gold nanoparticles as our sample. Our setup for capturing the fluorophores images of the
gold nanoparticles was the same as the previously mentioned calibration setup. As the output of
the experiment, we have taken 8,000 frames of images that were captured by a 25fps rate CMOS
camera. Figure 2.7 shows the photo of our setup that was performed in the BioPhotonics lab of
the Department of Physics and Astronomy at Mississippi State University. Figure shows the
setup of the optical parameters used for our SMLM experiment. The next paragraph contains a
description of the setup.
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Figure 2.7

Super resolution microscopy image in Bio photonics lab (MSU)

Cost optimized setup that can potentially serve as a routine laboratory microscope with highperformance.

Figure 2.8

The schematic diagram of the super resolution microscopy setup
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For our SMLM experiment (Figure 2.8), we have used a monochromic red laser with a
wavelength of 638nm. The maximum output of this laser is 1W, and the beam size being 7mm.
The ND filter (Neutral density filter) is used to control the light exposure to the camera lens to
improve the output image. The light then falls onto the engineered rotating diffuser that is
connected to the DC motor shaft and rotates along with the dc motor shaft. The power of the DC
motor is 6V, and its rotation speed is 11,000 rpm (rotating per minute). The diffuser is placed
between two lenses (Lens1 and Lens2). The distance between the two lenses is 200mm.
Therefore, the distance of the diffuser to both Lens1 and Lens2 is 100mm. Lens1 (focal length
100mm) converges the incoming light, and it focuses on the diffuser. The diffuser mainly
diffuses the light and passes low light with low photon numbers. It produces homogeneous
illumination of the light pattern and gives us a uniform distribution of light. Then the diffuser
diverges the light, which is then focused on Lens2 (focal length 100mm). Lens2 produces a flattop light that is passed onto another convergence lens i.e., Lens3 (focal length 200mm). Lens3
converges the flat top light onto the dichroic mirror. The dichroic mirror then reflects this
excitation light, and the reflected light passes through the objective lens.
The oil immersion objective lens that we have used has the magnification power of 100x.
It has a hemispherical front lens with 1.3 NA (Numerical Aperture). The use of an oil immersion
objective lens improves the color corrections and produces a high-resolution image. It results in
the footage of nanoparticles that looks exactly like as seen by the human eyes. The immersion oil
is used between the objective lens and a glass slit with the sample particles. We know when light
passes through from one medium to another medium (with different refractive index), the path of
the lights bends along the way. In the case of our super-resolution microscopy setup, the light
moves from the glass medium (refraction index 1.5) to the air medium (refraction index 1.0), and
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light bends as a result of refraction. To protect this aberration, we put immersion oil between the
objective lens and the glass slide. The refractive index of the immersion oil is 1.5, which is the
same as the glass slide. The immersion oil fills the air space and creates a path with the same
refractive index (1.5). This creates a seamless medium for the light and prevents the bending.
Therefore, more light is directed to our sample object, and their clear image is observed.
The sample object’s molecules then absorb the excitation light in the field of view (FOV)
stage, and light of longer wavelength is re-emitted. This emitted light passes through the dichroic
mirror and emission filter. The emission filter is synchronized with Alexa 647 fluorophore and
filters the unwanted amounts of excitation light. There is a specific range of the wavelength of
the excitation light that is not blocked by the emission filter, and only a portion of the emission
light with a certain wavelength is allowed to pass through the emission filter. Afterward, the
filtered light passes through the tube lens (focal length is 100mm). This lens converges the light
and focuses it onto the CMOS (complementary metal-oxide-semiconductor camera) lens. This
CMOS camera (Sony IMX 265) has a pixel size of 3.45 μm and a resolution of 2048 X 1536 (3.2
MP). Finally, the camera captures bright images of the sample that is stored in digital media.

22

CHAPTER III
SUPER-RESOLUTION MICROSCOPY: RESULTS, CONCLUSION AND DISCUSSION
3.1

Results (Single molecule localization microscopy)
In this chapter, we demonstrate the outputs of our experiment and discuss the results. The

output (8,000 image frames) of our single-molecular localization microscopy was captured by a
CMOS camera and stored in a digital medium. We further post-processed the collected frames
using image processing software and performed further analysis.

Figure 3.1

Setup ratification by using glass slide
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As a part of the pre-setup arrangement, we have performed setup ratification by
experimenting with the glass slide (Figure 3.1). Here, we have captured the image frame of the
glass slide in two different ways; one without anything on it and one with the sample particles.
We have then observed the captured bright field picture after processing them by
ThunderSTORM (A rich plugin for the ImageJ software). We have noticed that in the case of an
empty glass slide, the nanoparticles are absent in the image. Keeping the same setup
configuration, when we put the gold nanoparticles on the glass slide, we saw these particles'
presence in the output image. This gave us initial confirmation that the sample particles are
visible within the FOV, and the camera can take the picture and output the image frame.
Our experiment was possible to obtain nano-level high-resolution images of the sample
particles from the FOV. Using the stochastic single molecular super-resolution microscopy
method, we have captured image frames of 200nm and 100nm gold nanoparticles and analyzed
their visualizations at the post-processing stage.
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Figure 3.2

200nm Gold particle capture by SRM

(a) Bright field images of 200nm gold nano particles (b) Process image by Thunderstorm (c)
Thunderstorm generated 3D color map plot for gold particles (d) Clear view of particles after
removing background noise (e) Gaussian pattern of the intensity distribution for 200nm single
gold nano particle (FWHM = full width at half maximum, σ = standard deviation).
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Figure 3.3

100nm Gold particle capture by SRM

(a) Bright field images of 100nm gold nano particles (b) Process image by Thunderstorm (c)
Thunderstorm generated 3D color map plot for gold particles (d) Clear view of particles after
removing background noise (e) Gaussian pattern of the intensity distribution for 100nm single
gold nano particle (FWHM = full width at half maximum, σ = standard deviation).

Figure 3.2(a) and 3.3(a) show the bright-field images of 200nm and 100nm gold
nanoparticles, respectively. The distance between the glass slide with particles and the objective
lens is measured to be not more than 2mm. This is to make sure the nanoparticles are visible on
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the camera screen. We took 8,000 image frames by CMOS camera. The number of total pixel
numbers in the nano particle’s image frames is 1536x2048, and the size of each pixel size was
measured to be 51nm.
Figure 3.2(b) and 3.3(b) show images after being processed by ThunderSTORM. After
capturing the 8,000 images, they were imported in ImageJ (a java-based image processing
software). These images were imported as TIFF virtual stack images. Then we have utilized one
of its many supported plug-ins named ThunderSTORM for post-processing. ThunderSTORM
has the functionality to perform single-molecule localization microscopy analysis (e.g., STORM,
PALM, etc.). We have used this plug-in to stack all the 800 image frames together and produce a
high-intensity super-resolution image. Then we have analyzed the resultant image data and used
the integrated Gaussian method to plot a single molecule’s intensity profile.
Further analysis was done using MATLAB, which is a very popular tool for image
processing and plotting. We have generated 3D color map plots for gold nanoparticles in our
analysis step. In our generated 3D map, we observed that the highest intensity peak along Z-axis.
We can see this peak in figure 3.2(c) and 3.3(c). The color bar on the right side defines the color
range. The lowest intensity value (0) is visualized with blue color, and the highest (255) intensity
value is visualized with red color.
Figure 3.2(d) and 3.3(d) show the nanoparticles with the highest intensity. As a result of
their highest intensity, we can observe their positions very clearly as the resolution of the
resultant image is very high. There were background noises in the bright field images caused by
the CMOS camera and light sources that we observed when we loaded the images in
ThunderSTORM. We removed these unwanted background noises in our post-processing stage
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using MATLAB so that we can achieve a more clear visualization of the 200nm and 100nm
particles.
In our output images, each particle can individually be represented by pixel numbers. A
single 200nm particle is represented using four (4) pixels, and a single 100nm particle is
represented using two (2) pixels. To observe the intensity distribution, we load our images in
ImageJ software and then draw a straight line over the pixels representing the particles. This
pixel data of this line is then loaded into MATLAB. In MATLAB, we plotted a fitted graph for
the intensity distribution that was represented by the pixel data. The distribution gives us a
Gaussian pattern for a single gold nanoparticle. Graph 3.2(e), 3.3(e) shows the middle point of
the distribution has the highest intensity of the gold nanoparticle. This highest intensity peak
allows us to achieve this Gaussian fit and results in higher resolution images. We then calculate
the FWHM (Full width half maximum) of the Gaussian fit where FWHM = 2 √2ln2=2.355 (
= standard deviation). For 200nm particle FWHM is calculated as 3.85 and σ= 1.64nm and for
100nm, the value of FWHM is 1.99 and σ= 0.84 nm. Here, the standard deviation is used to
measure the precision of intensity value position from the mean in a Gaussian curve. In this case,
we have used FWHM to measure the resolution as it performs better to resolve and calculate the
gold nano particles size.
3.2

Conclusion and Discussions
A tabletop, cost-effective single molecular localization microscopy setup has been proven

to be a highly usable and important tool in a basic lab environment. By performing the stochastic
technique of super-resolution microscopy, we are capable of breaking the diffraction limit and
producing high-quality images of nano-level particles. Using this technique, we have achieved
the best precision in single-molecule localization. After the post-processing of the images using
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Thunderstorm, we got clear and high-resolution pictures with the help of the Gaussian intensity
plot. This low-cost, highly efficient super-resolution SMLM imaging system setup performs as
efficiently as the original costly setup but now can be used as a regular tool in most of the bio
photonics research laboratories.
For this experiment, we have used tools i.e., ImageJ Software that is a Java-based image
processing program. It supports a range of plugins for performing post-processing of images that
are obtained through microscopy. We have used ImageJ to import large groups of stacked and
sequence images and used them in ThunderSTORM for further processing. ThunderSTORM is
an open-source, interactive, and modular plug-in for ImageJ designed for automated processing,
analysis, and visualization of data acquired by single-molecule localization microscopy methods
such as photo activated localization microscopy and stochastic optical reconstruction
microscopy. We have primarily used this plugin to create a super-resolution image from
experimental images. Also, we have utilized MATLAB for computational visualization and postprocessing. MATLAB is an integrated environment for computation, visualization, and
programming. We have also performed several enhancements, intensity adjustment, and
grayscale analysis using this MATLAB.
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CHAPTER IV
CONFOCAL IMAGING BACKGROUND STUDY AND METHODOLOGY
4.1

Background Study of Radiation Damage in Cells/Tissues
Radiation therapy is commonly used as a treatment method for different types of

diseases, including the treatment of different cancer types. Humans are vulnerable to both
deliberate and accidental radiation exposure. Radiation therapy or varieties of the synchrotron
and laser radiations are commonly used treatment methods for different types of diseases,
including treatment for controlling different types of progressive cancers. In radiation therapy
treatment, we target specific organs or parts of the body and destroy the diseased cells/tissues or
tumors to prevent further growth or expansion [37,38]. One can be exposed to radiation
accidentally or by radiation treatment. Accidental total body radiation (TBI) exposition happened
due to environmental hazards in radiation disasters. In radiation treatment or therapy, normal
cells/tissues are unintentionally exposed to radiation. Hence the structural alterations are
observed in the cell nuclei due to total body irradiation. These alterations vary as time progresses
and intensities of radiation. It was observed that in each proceeding hour post-ionized radiation,
different structural effects are detected within the cell nuclei [39]. The tissues of the organs that
are exposed to the radiation can play a central role in determining the radiation-tolerance levels
of those exposed tissues. The radiation effects on the normal cells could have long-term effects
on the patients due to radiation-related damage. The patients may experience the radiation
damage symptoms soon after the radiation therapy, or the symptoms may take up to years to
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appear [40]. However, the pathological processes of radiation damage in cells begin soon after
the normal tissues are exposed to radiation.
Damages due to radiation can be divided into two categories based on the amount of time
it takes for the symptoms to become noticeable. They are acute and consequential. Acute effects
are noticeable within a few weeks after the radiation therapy treatment, sometimes even within
this period. However, this damage is at the nanoscale levels and hardly distinguishable by
conventional imaging techniques. On the other hand, consequential effects are prominent in the
later stages of radiation exposure with severe health issues occurring. These two categories of
radiation effects are initially at the nanoscale level in cells/tissues and have not been studied or
understood well before. In reality, these processes are very complex, and the radiation can trigger
a range of phenomena that may go unnoticed. In some cases, late or consequential effects have
been reported up to 34 years after the radiation exposure [41].
Organ damage is one of the many side-effects that is noted during the post irradiation
period because of TBI. When an organ is exposed to radiation, its tissues may react in different
ways based on the radiation dose and their level of radiation tolerance. Even though the exact
level of tolerance of an organ is unknown, the estimated tolerance doses are reported in
published guidelines. Further, it is known that TBI causes severe damage to different cellular
components such as cytoplasm, chromatin, etc. in a cell. When cells are in their first cell division
or the process of their first cell division after being exposed to radiation, their DNA molecules
are likely to get damaged partially to severely if the cells are exposed to the radiation [42,43].
Chromosomal damage that is either unrepaired or improperly repaired can cause mitosis or
mitotic death [44]. Double-strand break (DSB) damage due to radiation causes the DNA double
helix to break in such a way that it becomes nearly impossible to keep the two broken ends at the
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same place. In addition, as there is less chance of it repairing itself, this damage can even cause
unsuitable recombination of the DNA genome. Such inappropriate repair of a DSB can lead to
massive instability in the genome that can run through generations of chromosomal fragments
[45]. One single DSB event can even cause apoptosis, i.e., the death of the whole-cell [46].
Consequently, this DNA damage carries long-term effects, such as genetic instability [47].
During the post total body γ-irradiation period, the intestinal tissues of mice can
experience adverse effects. This includes but is not limited to the induction of oxidative stress
and apoptosis in the intestinal tissues [48]. The effects of radiation also include activation of
cellular signaling pathways, which ultimately leads to the expression and activation of
proinflammatory and profibrotic cytokines, vascular injury, and coagulation cascade [49,50].
Exposition to radiation can have a more damaging effect on patients with pre-existing
conditions/diseases. As radiation causes damage that hinders DNA restoration, patients with
ataxia-telangiectasia (a type of genetic abnormality) will experience serious radiation reactions
[51]. Other genetic factors can also play a role in radio sensitivity, as suggested by studies on
various strains of mice [52]. However, it is not completely reliable to depend on the experiments
of radio sensitivity on cells that were isolated from the patient except when there is a case of
extremity. No significant late damages have been found in patients who showed early responses
to radiation effects [53].
Treatment of irradiated tissues is difficult or sometimes impossible, due to its damage to
the DNA level. Different studies and technologies have developed to increase conventional
radiotherapy methodologies' efficacy to reduce the effect of radiation in adjacent cells/tissues, or
proximal damage in radiation. The 3-dimensional conformal radiotherapy (3DCRT) and
intensity-modulated radiotherapy (IMRT) are two such examples of imaging and computer
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technology that can distribute necessary doses to cancer or tumor cells and avoid unnecessary
exposure of normal tissues by proximal damage [54]. Also, different forms of chemical treatment
can be used before the radiation to protect normal tissues from acute as well as late radiation
damages [55].
In this work, we report a quantitative analysis of the DNA molecular mass density spatial
structural changes in gut cell nuclei due to the exposer to TBI. It is now known that the gut is an
organ that gets damaged heavily in irradiation. The DNA molecular mass density fluctuations are
probed by using a mesoscopic physics-based spectroscopic technique, the inverse participation
ratio (IPR), on DAPI stained DNA molecular (i.e., chromatin) confocal image micrographs. The
DNA molecular specific light localization properties of mass density variation due to radiation
exposure are quantified as the measures of the degree of structural disorder, Ld, of DNA, and
compared. We show that these structural changes consequently trigger the alteration of the
degree of structural disorder strength, Ld, at the nano to sub-micron scales the tissue's cellular
level. The IPR technique is a powerful tool that has been earlier used to probe the nanoscale
structural abnormalities in cells using a confocal image to distinguish stages of cancer
abnormalities as well as drug-effects in abnormal cells [56,57].
4.2
4.2.1

Background Study of Radiation Damage in Cells/Tissues
Sample Preparation
All the experiments on animals strictly followed the guidelines provided by the

Institutional Animal Care and Use Committee (IACUC) at the University of Tennessee Health
Science Center. Mice were housed in an institutional animal care facility. The animal care
facility replicated the regular living atmosphere of the animals by providing 12:12-hour lightdark cycles and access to regular laboratory food and water until the experiments were
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conducted. For all our experiments, C57BL/6 mice were used (age 12–14 weeks, collected from
Harlan Laboratories, Houston, TX). In our experiment, a Mark I, model 25, 137Cs source
irradiator (JL Shepherd and Associates, San Fernando, CA) was used to perform TBI. The total
irradiation dose was 4 Gy at a dose rate of 76 cGy/min on the 12-to 14-week-old adult mice.
The mice were euthanized at different hours (2, 6, 8, and 24 hrs) after the completion of the TBI
dose. The mice Ileum was removed and cryofixed.
4.2.2

Confocal Microscopy Imaging
For our confocal microscopy imaging, ileum cryosections of thickness 12 microns were

fixed in an acetone-methanol mixture (1:1 ratio) for two minutes (temperature -20°C).
Rehydration was performed on the sections using phosphate-buffered saline (PBS). 0.5% Triton
X-100 was used to permeabilize the sections in saline for 15 minutes. The tissue sections were
permeabilized with 0.2% Triton X-100 in PBS for 10 min and blocked in 4% nonfat milk in
Triton-Tris buffer (150 mM sodium chloride containing 10% Tween 20mM and 20mM Tris, pH
7.4). It was then incubated for 10 minutes with the DAPI (Hoechst 33342). A Zeiss 710 confocal
microscope was used to examine the fluorescence and to collect the confocal imaging data. We
have collected the x-y images (size 1 micron) using ZEN (Zeiss Efficient Navigation) software.
These images were stacked using ImageJ software (National Institutes of Health, Bethesda, MD)
and further processed using Adobe Photoshop Software (Adobe Systems, San Jose, CA).
4.2.3

The Inverse Participation Ratio (IPR) Technique for the Structural Disorder
Analysis
The mesoscopic optical physics-based molecular specific imaging method, Inverse

Participation Ratio (IPR) using confocal imaging or “Confocal-IPR” technique, has been proven
to be useful in quantifying the structural molecular changes in biological cells [58,59]. Confocal
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imaging is a technique used to capture the images with high optical contrast and resolution,
ranging at submicron length scales. The main principle of the confocal microscopy imaging is
that a spatial pinhole is used to block out-of-focus light to acquire a controlled depth of field and
reduced background lights in images (as shown schematically at the beginning, of sec 4.1). Here,
the samples are first treated with fluorescence that can emit a broadband light intensity at a
specific wavelength. The amount of fluorophore dye that binds a molecular mass is proportional
to the molecular mass at any point or a small voxel volume. Therefore, the fluorescence light
collected at any point is approximately proportional to the fluorophore dye/elements, specific
molecular mass present at that point or voxel. Dyes are independent of each other and treating a
cell with different molecular binding dyes at the same time and then probing appropriate
wavelengths can provide us the different molecular specific spatial structural mass density
fluctuations in a cell. The nanoscale mass density fluctuations can be quantified by calculating
the degree of structural disorders in confocal images using the inverse participation ratio (IPR)
technique. In the IPR technique, an optical lattice is formed using the pixel intensities of the
confocal images. The optical lattice is a representation of the ‘mass density fluctuations’ that are
scanned voxel-wise. Then Anderson tight binding model is used to obtain the Hamiltonian of the
closed system and the eigenfunctions of optical lattices of light waves are used to analyze the
localization properties of the sample. The light localization strength, therefore, indicates the level
of structural disorder in the abnormal cells. An increase in the mass density fluctuations in the
cells at the nanoscale level is represented by a higher value of the IPR. The < 𝐼𝑃𝑅 > or (<
𝐼𝑃𝑅 >) value ultimately quantify the degree of structural disorder in the medium. The details of
the method are described in Ref. [20,60]; in the following, we describe the method in short for
the completeness of this work.
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Consider 𝑑𝑉 = 𝑑𝑥𝑑𝑦𝑑𝑧 a small finite volume of the cell slice at a point (𝑥, 𝑦) with
thickness𝑑𝑧, and 𝜌 is the DNA molecular mass density in the voxel 𝑑𝑉of the sample. In the
confocal image, if 𝐼(𝑥, 𝑦) is the pixel intensity at position (𝑥, 𝑦), then 𝐼(𝑥, 𝑦) can be denoted as
𝐼(𝑟) ∝ 𝑑𝑉(𝜌) [16]. The local refractive index of the cell slice at a point (𝑥, 𝑦) i.e. 𝑛(𝑥, 𝑦) is
directly proportional to the local mass density of the cell as 𝑛(𝑥, 𝑦) = 𝑛0 + 𝑑𝑛(𝑥, 𝑦). Here, 𝑛0 is
the average refractive index and 𝑑𝑛(𝑥, 𝑦) is the refractive index fluctuations of the voxel 𝑑𝑉at
position (𝑥, 𝑦) [59]. The refractive index fluctuations are less than the average refractive
index 𝑛0 (𝑑𝑛 << 𝑛0 ). We can represent the pixel intensity 𝑐 of a voxel area 𝑑𝑥𝑑𝑦 at position
(𝑥, 𝑦) of the confocal image which is linearly proportional to the refractive index 𝑛(𝑥, 𝑦) of the
voxel [20,60], i.e.:
𝑛0 + 𝑑𝑛(𝑥, 𝑦) ∝ 𝐼0 + 𝑑𝐼(𝑥, 𝑦)

(4.1)

In the same way, the optical parameter refractive index 𝑛(𝑥, 𝑦) of the scattering substance
is directly proportional to the mass density of the thin cell at that point [59]. Therefore, the
intensities a confocal image is linearly proportional to the mass, M and refractive index, n of the
voxel:
𝐼(𝑥, 𝑦) ∝ 𝑀(𝑥, 𝑦) ∝ 𝑛(𝑥, 𝑦)

(4.2)

𝐼0 + 𝑑𝐼(𝑥, 𝑦) ∝ 𝑀0 + 𝑑𝑀(𝑥, 𝑦) ∝ 𝑛0 + 𝑑𝑛(𝑥, 𝑦)

(4.3)

If 𝜀𝑖 (𝑥, 𝑦) represents the optical potential corresponding to the pixel position (𝑥, 𝑦) of the
two-dimensional plane of the confocal image. Then the optical potential of the voxel point
(𝑥, 𝑦) is calculated to generate an optical lattice and represented as [16]:
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𝜀𝑖 (𝑥, 𝑦) = 𝑑𝑛(𝑥, 𝑦) ⁄ 𝑛0 ∝ 𝑑𝐼(𝑥, 𝑦) ⁄ 𝐼0

(4.4)

The Tight Binding Model (TBM) is commonly used to calculate the disorder properties
of electrical and optical systems. The spatial structural disorder strength of an optical lattice can
be analyzed by the Hamiltonian approach of the Anderson Tight Binding Model (TBM), which
can be written as [61–63]:

𝐻 = ∑ 𝜀𝑖 |𝑖 >< 𝑖| + 𝑡 ∑(|𝑖 >< 𝑗| + |𝑗 >< 𝑖|)
𝑖

𝑖𝑗

(4.5)

Here, 𝜀𝑖 (𝑥, 𝑦) is the optical potential energy of the ith lattice site, |𝑖 > 𝑎𝑛𝑑 |𝑗 > are the
eigenvectors of the ith, and the jth lattice sites and t is the overlap integral between sites i and j.
The average IPR value, i.e. < 𝐼𝑃𝑅(𝐿) > of the entire sample images at the sample length L, can
be calculated using the eigenfunctions (Ei’s) [20,60,64].
𝑁

𝐿

< 𝐼𝑃𝑅 >𝑁 = 1/𝑁 ∑ ∬ 𝐸𝑖4 (𝑥, 𝑦)𝑑𝑥𝑑𝑦

(4.6)

𝑖=1 0

Where 𝑁 (= (𝐿/𝑑𝑥)2 , 𝑑𝑥 = 𝑑𝑦) is the total number of lattice points on the refractive
index matrix, and Ei is the ith eigenfunction of the Hamiltonian H. It is shown that the calculated
< 𝐼𝑃𝑅(𝐿) >=≪ 𝐼𝑃𝑅(𝐿) >𝐿𝑥𝐿 > 𝑜𝑟(< 𝐼𝑃𝑅(𝐿) >𝐿𝑥𝐿 ) is directly proportional to the degree of
structural disorder strength represented by 𝐿𝑑 . For Gaussian white noise potential 𝐿𝑑 = < 𝑑𝑛 >
𝑥 𝑙𝑐 , where < 𝑑𝑛 > is the average refractive index fluctuations and 𝑙𝑐 is the spatial correlation
length of the refractive index fluctuations over the sample [16,17]. Therefore,
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<< 𝐼𝑃𝑅(𝐿) ≫  ≪ 𝐼𝑃𝑅(𝐿) >𝐿𝑥𝐿 >𝑒𝑛𝑠𝑒𝑚𝑏𝑙𝑒  𝐿𝑑 = < 𝑑𝑛 > 𝑥 𝑙𝑐

(4.7)

(< 𝐼𝑃𝑅(𝐿) >)𝑠𝑡𝑑(< 𝐼𝑃𝑅(𝐿) >𝐿𝑥𝐿 )𝑒𝑛𝑠𝑒𝑚𝑏𝑙𝑒  𝐿𝑑 = < 𝑑𝑛 > 𝑥 𝑙𝑐

(4.8)

Using Eq.(2), the average value of one IPR pixel at sample length L is calculated from
the 𝐿𝑥𝐿 confocal image area or N pixels of the confocal image. Hence, the statistical analysis is
performed by computing the average and std of the < 𝐼𝑃𝑅(𝐿) > values over the cell sample at
the give sample length L=0.8µm and compared to quantify the DNA molecular specific
structural alteration.
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CHAPTER V
CONFOCAL: RESULTS, CONCLUSION AND DISCUSSION
5.1

Results (Confocal microscopy)

Figure 5.1

IPR analysis of mass density fluctuations

(a)-(e) represent the confocal images of gut tissue sections stained with DAPI for: (a) control, (b)
2hr-postIR, (c) 6hr-postIR, (d) 8hr-postIR, and (e) 24hr-postIR, and their corresponding IPR
images at sample length L=0.8µm are shown in (a’)-(e’), respectively. The Ld images show the
structural abnormalities in gut nuclei due to the ionizing effect of 4Gy gamma TBI on their DNA
molecules/chromatins.

In this experiment, mice were exposed to 4Gy gamma TBI to evaluate the effects of post
ionizing radiation (IR) on DNA molecular spatial mass density fluctuations of gut nuclei. For
this, mice divide into 5 groups were fed with regular Lieber DeCarli liquid diet. From each of the
5 groups, 3 mice were exposed to TBI in a closed ion chamber. The mice were then sacrificed
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after post-irradiation (postIR) time points: 2, 6, 8, and 24 hours, and then the 10µm thin gut
tissues were prepared for DAPI staining as described in the Method section to target the
DNA/chromatin fluorescent. In particular, using confocal microscopy, the images of DAPI
stained 4Gy ionizing gamma radiation treated gut tissue were recorded as follows: Control, 2hrpostIR, 6hr-postIR, 8hr-postIR, and 24hr-postIR. And, hence, the confocal micrographs were
analyzed using the IPR technique at the sample length, L=0.8µm to quantify the light
localization properties of irradiated DNA molecular structure.
Fig. 5.1 (a)-(e), represent confocal images of DAPI stained of the mice gut tissues for
control and TBI mice for different hours of post-irradiation (a) control, (b) 2hr-postIR, (c) 6hrpostIR, (d) 8hr-postIR, and (e) 24hr-postIR; and their corresponding < 𝐼𝑃𝑅(𝐿) > 𝑜𝑟 𝐿𝑑 images
are shown in (a’)-(e’), respectively. The 𝐿𝑑 images represent the mass density fluctuations
expressed in terms of structural abnormalities of the chromatin in cell nuclei of gut tissues. In the
Ld images, the red color represents higher mass density fluctuations while the blue color
represents the lower mass density fluctuations for every pixel of IPR images. Therefore, the Ld
images show that red spots or the mass density fluctuations decrease with the increase in the
duration of post-irradiation indicating the adverse effect of ionizing radiation in the DNA with
the increase of time duration. Further, the standard deviation of < 𝐼𝑃𝑅(𝐿) > 𝑜𝑟 (< 𝐼𝑃𝑅(𝐿) >
) at the sample length L=0.8µm for post irradiated DNA mass density fluctuations of the gut cell
were calculated and represented in the bar graphs as shown in fig 5.2. For each of the 5 groups,
at least 15 tissue sections were analyzed from the corresponding IPR image and hence the (<
𝐼𝑃𝑅(𝐿) >) was quantified. Then the (< 𝐼𝑃𝑅(𝐿) >) were compared to observe the effect of
post-irradiation on irradiated DNA/chromatin structure at the nanoscale level. Since, the standard
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deviation is more reliable statistical marker, which depends only on the width of the distribution,
irrespective of the mean position.

Figure 5.2

std(< 𝐼𝑃𝑅(𝐿) >) bar graph

Bar graphs of the standard deviation of the ensemble averaged IPR or 𝜎(< 𝐼𝑃𝑅(𝐿) >) at sample
length L=0.8µm of DAPI stained mice gut nuclei for: (a) Control, (b) 2hr-postIR, (c) 6hr-postIR,
(d) 8hr-postIR, and (e) 24hr-postIR. The Confocal-IPR analysis illustrates that the 𝜎(<
𝐼𝑃𝑅(𝐿) >) or the degree of disorder strength (𝐿𝑑 ) of TBI mice gut nuclei DNA decreases by
47% after 2 hours post-irradiation, 96% after 6 hours post-irradiation, 90% after 8 hours postirradiation and 97% after 24 hours post-irradiation relative to the Control. Student’s t-test Pvalue < 0.05 compared to the Control for all post-irradiated gut tissues (n=15) statistically
signifies the observed difference.

The Student’s t-test P-value was calculated to compare the significance of the statistical
difference in reference to the control for all the post-irradiated gut tissues. The bar graph in Fig.
5.2 shows a significant decrease in the (< 𝐼𝑃𝑅(𝐿) >) or disorder strength of mice cell nuclei
with the increasing time duration after 4Gy TBI exposure compared to the control. This
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statistical result shows that the molecular mass density fluctuations of DNA expressed in term of
structural disorder (𝐿𝑑 ) of TBI exposed gut tissues’ chromatin structural disorder parameter
decreases by 47% after 2 hours post-irradiation, 96% after 6 hours post-irradiation, 90% after 8
hours post-irradiation, and 97% after 24 hours post-irradiation compare to the control. The
results imply that after the gamma radiation exposer, the DNA spatial mass density fluctuations
were decreased, in general. This suppression is the decrease in the DNA mass density
fluctuations with the increasing elapsed duration after TBI. Hence, the gradual decrease in the
degree of disorder strength of 4Gy gamma TBI DNA structure after different durations of
irradiation i.e. postIR suggests that TBI has adverse effects on cell nuclei which is found
prominent at the DNA/chromatin.
Likewise, the results further illustrate that the effects of standard 4Gy gamma TBI effect
on the chromatin of nuclei may vary with time duration and worsen with increasing elapsed
hours after being exposed and eventually the density fluctuations saturate to a lower value. That
means the structural change in the nucleus due to irradiation is very prominent during the first
hours and reaches the maximum within the next 24 hours of post-irradiation. Since the tight
junction and barrier dysfunction are destroyed in irradiated gut tissue where time course
correlates with functional changes such as tight junction disruption [39]. Therefore, this result
strongly supports that the mesoscopic physics-based light localization technique, Confocal-IPR
can quantify the degree of mass density fluctuations which acts as a potential biomarker to
measuring the nanoscales' spatial structural alteration of DNA in the irradiated gut tissues. In
particular, the degree of disorder strength 𝐿𝑑 𝑜𝑟 𝜎(< 𝐼𝑃𝑅(𝐿) >) of the nuclei, chromatin/DNA is
reduced significantly compared to normal. Although, the TBI radiation destroys the different
components of cells/tissue in different quantities, it is known that the mitochondria, cytoskeleton,
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chromatin, etc. are found more sensitive towards radiation and get destroyed reducing the mass
density fluctuations, decreasing the std of 𝐿𝑑 in the standard gamma TBI.
5.2

Conclusion and Discussion
In this study, a newly developed mesoscopic physics-based confocal-IPR technique has

been used to examine the effect of post-irradiation on DNA molecular specific mass density
fluctuations. We have successfully applied a light localization technique to quantify the mass
density fluctuations of TBI mice gut tissue chromatin/DNA for different duration post-irradiation
and expressed it in terms of (< 𝐼𝑃𝑅(𝐿) >) or structural disorder (𝐿𝑑 ). Radiation destroyed the
tight junction (TJ) and barrier dysfunction in the gut and produce endotoxin flux in the mucosa.
This endotoxin flux in the gastrointestinal system may trigger diarrhea, malabsorption, and
electrolyte imbalance which later eventually leading to endotoxemia and bacteremia as sever
outcomes [65]. Further, chromatin easily gets exposed to radiation, and hence, we focus our
research to study structural abnormalities in DNA/chromatin for gut tissues via the Confocal-IPR
technique. Interestingly, the result shows that the degree of disorder strength 𝐿𝑑 or (<
𝐼𝑃𝑅(𝐿) >) decreases gradually for 4Gy gamma TBI exposed mice gut DNA with the increase in
the duration of post-irradiation compare to the control and gets almost saturated within 24 hours.
In the experiment, the < 𝐼𝑃𝑅(𝐿) > value of confocal images of control and gamma radiation
(4Gy) treated mice gut tissues are calculated which we found to be directly proportional to the
degree of structural disorder strength. This statistical measure of (< 𝐼𝑃𝑅(𝐿) >) acts as a
potential biomarker for the measurement of the structural alteration of the DNA molecular mass
density fluctuations in irradiated tissues. It has been reported that, radiation effects in cells/tissue
vary with the post-irradiation duration time and have adverse effects on the DNA spatial
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structural arrangement. However, there was a small increase in (< 𝐼𝑃𝑅(𝐿) >) of the gut
tissues’ DNA structural disorder between after 6 hours and 8 hours post-irradiation. This sudden
increase in the (< 𝐼𝑃𝑅(𝐿) >) value may be due to the irradiated tissues trying to retain their
initial structural properties which demand more experimental investigations. In particular, the
radiation suppresses the DNA mass density fluctuations and it eventually gets saturated with the
increase of the post-irradiation time. Suppression of the DNA mass density fluctuations affect
various activities of the chromatin including the daily nuclear transcriptions and eventually
resulting in the DNA replication which may result in genetic alterations. Lastly, the nanoscale
quantification of molecular specific structural abnormalities in the irradiation cells/tissues could
explain their physical states and helps to increase the efficacy of radiation therapy or radiation
related treatment modalities in the future which inevitably involve irradiation of normal
cells/tissues.
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CHAPTER VI
SUMMARY AND FUTURE DIRECTIONS
6.1

Super-resolution Microscopy (SRM)
Due to the diffraction-limited spatial resolution, conventional microscopy cannot

visualize particles smaller than ~200 nm. A number of super-resolution imaging techniques have
been developed to break the diffraction barrier. Super-resolution microscopy is a powerful
imaging tool in bio photonics and biomedical research. As a result of the low-cost and highperforming setup, many laboratories are now capable of using super-resolution imaging tool for
visualizing nanoparticles. Super-resolution is used as a fluoresce microscopy to observe
nanoparticles, and this microscopy technique is designed for Alexa 647 fluorophores (range).
Here we demonstrate the simple and cost-effective setup for single-molecule localization
microscopy (SMLM). We have utilized the stochastic technique for the best precision in singlemolecule localization in SMLM. Due to breaking the diffraction barrier, the single-molecule
localization microscopy imaging technique can visualize and analyze particles in nano and submicro scale levels. In the experiment, we have observed high-resolution image of 100nm and 200
nm gold nanoparticles, precise location. For the imaging of these particles, we have captured
8,000 frames at a frame rate of 25 fps. The final super-resolution image is constructed using
ThunderSTORM plugin of ImageJ software. The low-cost super-resolution SMLM imaging
system can be used as a conventional fluorescence microscope and as a result most biomedical
research laboratories can access the powerful super-resolution imaging capability.
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As a part of our continued future work, we can optimize the calibration step of our SRM
setup more precisely by using a high-resolution sCMOS (scientific Complementary metal–
oxide–semiconductor) camera. This camera provides images with lower noise and has rapid
frame rates. We also plan to use samples without clustered nanoparticle to observe more resolute
picture. Additionally, we will be collecting biological cell samples to detect the Microtubules
and Histone and observe the structural molecules, DNA, RNA at nano level.
6.2

Confocal Microscopy (CFM)
Structural alternation detection in cells at the nanoscale is a phenomenon that can be

utilized to obtain a range of cellular information. One of the various reasons for the occurrence
of this structural change is irradiation. When irradiation is applied to the diseased tissues for
treatment, accidental or deliberate exposure to normal tissues also has effects on them. Here, we
perform a quantitative analysis of the DNA molecular mass density spatial structural changes in
gut cell nuclei due to the exposer of total body irradiation (TBI). It is now known that the gut is
an organ that gets damaged heavily by irradiation.
Our research analyses the structural changes by studying the mass-density fluctuations
inherent in disordered optical media based on molecular specific light localization properties.
The DNA molecular mass density fluctuations are probed by using a mesoscopic physics-based
spectroscopic technique, the inverse participation ratio (IPR), on DAPI stained DNA molecular
(i.e., chromatin) confocal images. The nanoscale fluctuation properties of cell nuclei in gut
tissues are then statistically analyzed using this specialized inverse participation ratio (IPR)
technique. The IPR value of confocal images of gamma irradiation affected nuclei of cells from
mice gut tissues are calculated, that we found to be directly proportional to the degree of
structural disorder strength. Our result shows that irradiation effects vary with the post46

irradiation duration time and have adverse effects on the DNA spatial structural arrangement. In
particular, the radiation suppresses the DNA mass density fluctuations, and eventually, it gets
saturated with the increase of the post-irradiation time.
For future study, we have planned to collect more data samples and observe the
morphological change at the nano level. We have only performed the chromatin structure
analysis in this work. We want to extend this work to probe structural changes in the other
organelles within the cells such as histone and cytoskeletons. For this we will be using green and
red fluorescents in confocal microscopy imaging. Also we have observed that the irradiated
tissues try to retain their initial structural properties at around 6 hour, we will probe more on this
properties with different radiation doses.
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